INTRODUCTION
Consumption of five portions of fruit and vegetables per day (400 g/day) is widely recommended as part of a healthy balanced diet. 1 This has been incorporated into health messages following a plethora of epidemiological data on the associations between greater fruit and vegetable intake and reduced risk of cardiovascular disease and cancer. [2] [3] [4] It has been estimated that up to 2.7 million lives worldwide could be saved with sufficient fruit and vegetable consumption. 5 The prevalence of type 2 diabetes mellitus (T2DM) is estimated to be 8.3% worldwide. 6 Lifestyle modification programmes can prevent T2DM, and dietary changes alone can significantly reduce the risk of developing diabetes. 7 Current dietary guidelines for the prevention of T2DM also include the message to consume at least 400 g fruit and vegetables per day. [8] [9] [10] However, a recent metaanalysis found significant benefits for greater consumption of green leafy vegetables for the prevention of T2DM but not for greater consumption of fruit and vegetables in general. 11 The meta-analysis was based on observational studies, which may have been unable to identify small differences in diet as assessed by food frequency questionnaires. Accurate measurement of diet is a difficult area of research; 12 however, errors due to self-report can be eliminated using nutritional biomarkers. 13 Plasma vitamin C consistently demonstrates a high correlation to fruit and vegetable intake, 14, 15 and dietary vitamin C is the strongest predictor of plasma vitamin C, with around 90% of dietary vitamin C being obtained from fruit and vegetable consumption. 16 Fruits and vegetables supply antioxidants, which may counteract harmful effects of reactive oxygen species implicated in the development and progression of T2DM. 17 Lipid peroxidation is a central feature of oxidative stress; measurement of F 2 -isoprostanes in body fluids provides a reliable, non-invasive approach to assess lipid peroxidation more accurately than other methods. 18, 19 OBJECTIVE The aim of this study was to estimate fruit and vegetable consumption using plasma vitamin C as a biomarker of intake in a large multi-ethnic population, to determine independent associations between fruit and vegetable intake and glycaemic parameters and to assess levels of oxidative stress by measurement of F 2 -isoprostanes in urine.
METHODS Participants
Participants were recruited as part of the screening phase of a large community intervention trial for the prevention of T2DM, Let's Prevent Diabetes, as described in detail elsewhere. 20 Recruited general practices from Leicestershire (UK) used a validated computerized risk score to identify individuals at high risk of T2DM. 21 Individuals ranked in the top 10% were invited to attend screening for diabetes. English-speaking individuals aged between 40 and 75 years were recruited; in addition, participants of South Asian (originating from India, Pakistan and Bangladesh) between the ages of 25 and 75 years were included. Individuals were excluded if they were unable to give informed consent, were pregnant or lactating, had established diabetes, had a terminal illness or required an interpreter for any language other than South Asian. Participants were categorized according to WHO 1999 criteria: diabetes was defined as fasting blood glucose X7 mmol/l and/or 2 h plasma glucose X11.1 mmol/l on two separate occasions. Impaired fasting glucose (IFG) was defined as fasting blood glucose between 6.1 mmol/l and 6.9 mmol/l and impaired glucose tolerance (IGT) defined as 2 h blood glucose between 7.8 mmol/l and 11 mmol/l. The data reported here is a cross-sectional sub-study of the total screened population, including those who provided blood samples for plasma vitamin C analysis. The study was approved by East Midlands-Nottingham Research Ethics Committee.
Anthropometric measures
Standard operating procedures were used to measure height (m), weight (kg), waist circumference (cm), hip circumference (cm) and blood pressure (mm Hg). Data on current and previous medical history, medication, smoking status and family history were collected. Social deprivation was determined using the Index of Multiple Deprivation using postcodes.
22
Self-completed questionnaires determined alcohol consumption, occupation and ethnicity. Physical activity was measured using the short last-7-days-self-administered format of the International Physical Activity Questionnaire. 23 The Dietary Instrument for Nutrition Education, a validated questionnaire suitable for self-completion was administered. 24, 25 Biochemical measures Participants received a standard 75 g oral glucose tolerance test; fasting samples were taken for serum urea, electrolytes, liver function, total cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides and HbA1c. Analysis was conducted in the pathology laboratories of the University Hospitals of Leicester, NHS Trust, UK. Plasma glucose was determined using the hexokinase method with a co-efficient of variation (CV) 1.61% (Abbott laboratories, Maidenhead, UK). HbA1c was quantified using High Performance Liquid Chromatography on an automated DCCT aligned Biorad aligned system (Bio-Rad Laboratories, Hemel Hempstead, UK), CV o0.1%. Serum total cholesterol, HDL-cholesterol, LDL-cholesterol and triglycerides were measured by enzymatic methods (Dade Behring Dimension analyser, Newark, DE, USA).
Vitamin C analysis
Participants provided a fasting blood sample for the analysis of plasma vitamin C, which was immediately stored in a dark, sealed box at a mean temperature of 4 o C and centrifuged at 3000 r.p.m. for 10 min within 8 h of collection. Aliquots were stabilized with 5% metaphosphoric acid, vortexed and stored at À 80 o C. Vitamin C was measured on a Cobas FARA centrifugal analyser (Roche Diagnostics, Basel, Switzerland) with a fluorescent attachment at Queens University of Belfast. The assay has been validated against the National Institute of Standards and Technology; in-house quality control samples were also included in every run. At a mean concentration of 4.2 mmol/l, the inter-assay CV was 6.80% (n ¼ 9), at 50.6 mmol/l, the interassay CV was 0.72%, while at 151.0 mmol/l, the inter-assay CV was 1.50%.
Urinary F 2 -isoprostane analysis
A urine sample was provided by participants, aliquots were placed into sterile vials and stored at À 80 o C. All urinary isoprostane and creatinine analyses were carried out at Unilever, Colworth Science Park, Bedford, UK. 8-Isoprostanes were measured using an AutoDelfia (Delfia: Dissociation Enhanced Lanthanide Fluorescent ImmunoAssay) automatic immunoassay system (Perkin Elmer Life and Analytical Sciences, Buckinghamshire, Seer Green, UK). This instrument utilises a time-resolved fluorescence immunoassay format with a large stokes shift to ensure unique assay sensitivity and specificity. The assay is a competitive immunoassay utilizing a monoclonal antibody to 8-isoprostanes and europium labelled 8-isoprostane. Urinary creatinine was measured using an ABX Pentra 400 (Horiba ABX, Moulton Park, Northampton, UK) clinical chemistry analyser. The ABX Pentra 400 Creatinine 120 CP reagent was calibrated using ABX Pentra Mulit-cal and ready-to-use ABX Pentra urine low and high controls. Concentrations of urinary isoprostanes were expressed per mM creatinine to correct for urine volume fluctuations.
Statistical analysis
All statistical analysis was carried out using SPSS version 18.0. Dietary and activity questionnaires were scored to ascertain fat, fibre and unsaturated fatty acid scores and activity levels of participants, respectively. 24, 26 Baseline characteristics were described using frequency and descriptive techniques for categorical and continuous variables. Significance testing was conducted using independent t-tests or analysis of varince for continuous variables and Chi-Square tests for categorical variables.
Assessment of normality showed 7% of the population had plasma vitamin C levels o5 mmol/l, resulting in skewed distribution. Analysis was carried out by including and excluding these participants; however, no difference in results was seen. Furthermore, these participants have true low values of vitamin C; therefore, all data presented are from analysis that included these participants. Linear regression was carried out to determine the relationships between plasma vitamin C and HbA1c and between fasting glucose and 2 h glucose. Adjustment for demographic variables and confounding variables was carried out for each glycaemic parameter. To determine a realistic change in vitamin C through fruit or vegetable intake, analysis was run on all three glucose parameters using the standard deviation (s.d.) of mean plasma vitamin C (21.8 mmol/l).
For categorical analysis of fruit and vegetable intake, individuals were divided into equal tertiles based on plasma vitamin C concentrations; analysis was carried out comparing the highest and lowest tertiles. Logistic regression was used to determine whether plasma vitamin C levels were independently associated with impaired glucose regulation (IGR; participants with T2DM, IFG, IGT or both IFG and IGT). A P-value of o0.05 was classed as statistical significance; all P-values are two-sided.
RESULTS

Baseline characteristics
Participants providing plasma for vitamin C analysis along with other biochemical measures formed the study population. Between July 2009 and November 2010, 2115 participants from a total of 2878 screened met these criteria. There were no differences in body mass index, waist circumference (WC), age, blood pressure, HbA1c, fasting or 2 h glucose between those who provided plasma vitamin C and those who did not (data not shown). Baseline characteristics of the study participants are presented in Table 1 .
Overall mean plasma vitamin C was 39.3 mmol/l (s.d. 21.8). Female participants had significantly higher mean plasma vitamin C compared with males (42.5 mmol/l (s.d. 21.9) vs. 37.2 mmol/l (s.d. 21.5) Pp0.0001). A plasma vitamin C concentration of X50 mmol/l is considered a reflection of consuming five portions fruit and vegetables a day, 27 around a third (31%, n ¼ 631) of the population met this five-a-day recommendation. A greater percentage of females met the recommendation compared with males (38.5% vs. 25.3% (Pp0.0001).
Plasma vitamin C and glucose regulation Plasma vitamin C was significantly and inversely associated with HbA1c, fasting and 2 h blood glucose (Pp0.0001). Unadjusted linear regression analysis showed an increase in 1 s.d. plasma vitamin C (21.8 mmol/l) to be associated with a lower HbA1c, fasting and 2 h glucose of 0.05%, 0.08 mmol/l and 0.2 mmol/l, respectively (Pp0.0001 for all, Table 2 ). Significant associations were attenuated but remained after adjusting for demographic variables and confounders (models 1-3, Table 2 ). Plasma vitamin C showed a stronger association with 2 h glucose as compared with HbA1c and fasting blood glucose. Model 4 included the fat and fibre score calculated from the dietary questionnaire; however, this data should be regarded with caution as the data for fat and fibre were only accurately completed by 33% and 45% of the population, respectively. Mean plasma vitamin C was different across the glucose classification groups (P ¼ 0.001). Independent analysis comparing those with normal glucose tolerance to those in the other glucose categories again demonstrated a stronger Fruit and vegetable intake and glucose control P Carter et al association between plasma vitamin C and 2 h glucose than with fasting plasma glucose (Table 3) .
Plasma vitamin C was not associated with urinary F 2 -isoprostanes, (P ¼ 0.08). Urinary F 2 -isoprostanes were not associated with HbA1c (P ¼ 0.6). There was a negative association between urinary F 2 -isoprostanes and both fasting (P ¼ 0.007) and 2 h glucose (P ¼ 0.06); however, this association was not present after adjustment for demographic variables (data not shown).
Characteristic of the plasma vitamin C tertiles are presented in Table 1 ; analysis showed significant differences between the three groups. Linear regression analysis comparing the highest and lowest tertiles demonstrated that HbA1c, fasting and 2 h glucose were all significantly greater in those with the lowest concentrations of plasma vitamin C than those with the highest: 6.0% Relationships remained of borderline significance after adjustment for demographic variables and confounding variables (all models were carried out as in analysis of plasma vitamin C as a continuous variable). The association with fasting blood glucose was no longer significant after inclusion of confounding variables. Furthermore, unadjusted logistic regression analysis observed those within the lowest tertile of plasma vitamin C had a 42% greater probability of being diagnosed with IGR as compared with those in the highest tertile (odds ratio (OR) ¼ 1.42, 95% confidence interval (CI): 1.13-1.78, P ¼ 0.003).
Logistic regression also showed that each s.d. increase in plasma vitamin C (21.8 mmol/l) was associated with a 15% reduced odds of diagnosis with IGR (OR ¼ 0.85, 95% CI: 0.77-0.93, P ¼ 0.01 for trend, Table 4 ). Inclusion of confounding variables resulted in attenuation, but significance remained (OR ¼ 0.89, 95% CI: 0.80-0.99, P ¼ 0.03). A trend for association remained with the inclusion of LDL-cholesterol and triglycerides (P ¼ 0.06).
Unadjusted logistic regression analysis comparing those who consumed the recommended five portions of fruits and vegetables a day (X50 mmol/l plasma vitamin C) to those who did not demonstrated that those meeting the recommendation had an associated 23% lower probability of diagnosis IGR at screening (OR ¼ 0.77, 95% CI: 0.63-0.95, P ¼ 0.02) ( Table 4 ). The significant relationship remained after adjustment for demographic variables (OR ¼ 0.79, 95% CI: 0.64-0.98, P ¼ 0.04); however, inclusion of blood pressure, family history of T2DM, history of cardiovascular disease and physical activity resulted in attenuation of the association (OR ¼ 0.87, 95%CI: 0.68-1.1, P ¼ 0.24), with family history being the strongest predictor in this model.
DISCUSSION
The findings of this study agree with previous estimates that the majority of the population do not meet the recommended daily intake of fruit and vegetables, despite reported increased awareness of the five-a-day message. 28, 29 However, results indicate higher consumption than other estimates, which may reflect the average age of the population. Previous studies have shown that older age groups generally consume more than younger counterparts. 30 The population in this study also had a higher proportion of individuals identified with IGT and IFG than currently estimated for the UK, 25% compared with 15%; 31 this reflects the two-staged strategy used to identify high-risk participants.
The study demonstrates a strong inverse association between fruit and vegetable intake as measured by plasma vitamin C with HbA1c, fasting and 2 h blood glucose concentrations. Furthermore comparing those who met the recommended five portions of fruit and vegetables a day compared with those who did not showed a 23% associated reduction in probability of diagnosis with IGR, providing a strong message to add to the five-a-day campaign Fruit and vegetable intake and glucose control P Carter et al and supporting current recommendations to increase fruit and vegetables for the prevention of T2DM. 9, 10 However, no upper threshold for benefit was demonstrated, a recent report on risk of ischaemic heart disease reported a 22% reduced risk (relative risk (RR) ¼ 0.78, 95% CI: 0.65-0.95) of fatal ischaemic heart attack in those who consumed eight portions of fruit and vegetables a day compared with those who consumed less than three portions a day. 32 Thus, the recommendation to consume more than five portions per day may be warranted. The question arises whether changing current public health messages to recommend consumption of more than five portions of fruit and vegetables a day would prompt individuals to attempt to consume more. Attitudes to conflicting advice that the public already receive about diet and health should be explored before any changes to current recommendations are made.
The observed reduction in the glucose parameters may not in itself be clinically significant as clinical studies designed with the intention of reducing diabetes incidence of a population aim to reduce 2 h glucose by approximately 1 mmol/l. 33 However, an increased consumption of just one piece of fruit or vegetable per day in the diet (21.8 mmol/l being roughly equivalent to one additional orange in the diet 34 ) should be considered a small lifestyle change, which could potentially contribute to greater overall improvements in glucose regulation. It has been previously demonstrated that greater numbers of combined positive health behaviours impact on incidence diabetes and overall mortality. 27, 35 Fruit and vegetables have often been proposed as beneficial due to their antioxidant properties. 17, 36 Our data showed no significant association between plasma vitamin C and urinary F 2 -isprostanes, a measure of oxidative stress. Although measurement of F 2 -isoprostanes is considered the gold standard assessment of lipid peroxidation, [37] [38] [39] it has been proposed that ELISA techniques, as used in this analysis, may be less sensitive than mass spectrometry. 39 Previous studies have demonstrated consistent associations between fruit and vegetable consumption and oxidative damage. Participants given a prescribed diet for 14 days of either 3.6 or 12 servings of fruit and vegetables per day were seen to have reduced urinary F 2 -isoprostane levels. 40 Our study is unique in that plasma vitamin C and urinary F 2 -isoprostane concentrations were measured in free-living individuals as compared with participants being prescribed fruit and vegetables.
However, the results indicate stronger associations between plasma vitamin C and 2 h glucose than between plasma vitamin C and HbA1c or fasting blood glucose. It is well documented that beta-cells are particularly susceptible to reactive oxygen species due to their low antioxidant enzyme capacity; [41] [42] [43] thus, results may suggest that high fruit and vegetable intake supplements a Logistic regression comparing those who met the five-a-day target, as calculated by plasma vitamin C X50 mmol/l to those who did not, plasma vitamin C o50 mmol/l.
b Highest tertile used as reference category in analysis.
Fruit and vegetable intake and glucose control P Carter et al beta-cell antioxidant levels, potentially protecting beta-cells from damaging reactive oxygen species. Yet, we cannot exclude the possibility that damage to beta cells is depleting plasma vitamin C concentrations. Greater fruit and vegetable intake was associated with improved glycaemic control, yet the mechanism underpinning benefit does not appear to be solely through effect on oxidative stress. This supports clinical trials that have found no benefit of antioxidant supplements. 44, 45 Fruit and vegetables may confer health benefits through a number of mechanisms, including provision of fibre which is implicated in improved glycaemic control. 46 Fruits and vegetables also provide magnesium, an important co-factor for enzymes involved in glucose metabolism. 47 Research into other potential beneficial properties of fruit and vegetables is required.
Strengths and limitations
The study provides robust biomarker data on fruit and vegetable consumption from a large multi-ethnic cohort. Nutritional biomarkers remove the reliance of self-report and can be used across ethnic groups. Little data are available on plasma vitamin C and glucose control in any population; however, the EPIC-Norfolk study found in their adjusted analysis that an increase of 20 mmol/l in plasma vitamin C was associated with a 0.08% (95% CI ¼ À 0.11 to À 0.0) lower HbA1c in men and a 0.05% (95% CI ¼ À 0.07 to À 0.03) lower HbA1c in women. 34 The similarity between our results and EPIC-Norfolk strengthens the evidence of an association between plasma vitamin C and glucose control, regardless of population examined.
Completion rates of the dietary questionnaire were poor and plasma vitamin C may reflect not only fruit and vegetable intake but also that of an overall healthy diet. Analysis was carried out to include all confounding factors found to be associated with each glycaemic measure and plasma vitamin C, providing strong evidence for an independent association between fruit and vegetable intake and glucose control. However, residual confounding cannot be ruled out. In addition, the data is cross-sectional by design, thus we cannot state the direction of association and progression of IGR could result in depletion of plasma vitamin C; both prospective studies and clinical trials are needed to determine the direction of the relationship between fruit and vegetable intake and glucose control.
CONCLUSION
Fruit and vegetable intake is still low in the UK despite government initiatives to encourage consumption. Investigation into why these campaigns are failing is required.
The data demonstrated a significant, inverse association between fruit and vegetable intake as assessed by plasma vitamin C and HbA1c, fasting and 2 h glucose. We observed that consumption of five portions of fruit and vegetables a day was associated with a 23% lower probability of being diagnosed with IGR as compared with those who did not meet the recommended intake of five a day. Thus, intake of fruit and vegetables should be encouraged for reducing the risk of developing T2DM and further research in this area is warranted.
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